In order to seek the balance point between liquid crystalline and high efficiency emission, two novel aggregation-induced emission-based (AIE) liquid crystal materials of TPE-PBN and TPE-2PBN, which contains tetraphenylethene derivative as the emission core and 4-cynobiphenyl moiety as the mesogenic unit, were designed and prepared. Both simple molecules showed a mesophase at high temperature evidenced by polarised optical microscopy (POM), differential scanning calorimetry (DSC) and temperature-dependent X-ray diffraction (XRD).
Introduction
Luminescent liquid crystal materials have gained much interest recently in both academic research and commercial endeavours owing to their characteristic self-organisation and emission properties. [1] [2] [3] These multi-functional materials can be employed as the emissive component in organic light-emitting diodes (OLEDs), in which the polarised electroluminescent emission (EL, polarised OLEDs) can be realised. [4] [5] [6] Furthermore, luminescent liquid crystal materials are available to enhance device performance due to the enhanced carrier mobilities caused by the long-range order consequent on liquid crystal self-organisation. Therefore, luminescent liquid crystal materials based OLEDs can be used as the backlight for liquid crystal displays (LCDs), with the prospect of replacing both the backlight and absorbing colour filters in conventional LCDs, which correspondingly reduces cost and enhances emission efficiency. 7, 8 However, there are still some challenges for such materials relating to difficulties in molecular design, emission quenching in the solid state and few applications in the OLEDs field. Apparently then, there is much space to develop luminescent liquid crystal materials with highly-efficient emission.
To date, numerous efforts have been made to realise luminescent mesogens, with the most popular strategy being that of functionalising the emissive core with terminal flexible chains. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Kato and co-workers have developed many luminescent mesogens formed by a rigid, π-conjugated core (such as pyrene and anthracene) functionalised with peripheral alkoxy chains. [19] [20] [21] [22] Although this strategy can effectively generate liquid crystallinity, the emission quantum yield (Φ PL ) is often rather low, probably due not only to non-radiative transitions via intramolecular vibration caused by the periphery flexible chains, but also the aggregation-induced quenching of the rigid π-conjugated core.
To enhance the emission efficiency of such materials, some transition metal ions, especially platinum, were introduced into liquid crystal materials. 23, 24 Our previous works also put forth an effort to explore structure-property relationships of such Pt-based materials. 4, [25] [26] [27] For example, some of us prepared the platinum-based metallomesogens that employed phenylpyridine derivatives as the cyclometallating ligand with acetylacetonato ancillary ligands. 28, 29 However, platinum complexes are prone to aggregation because of their planar structure, which can lead to poor emission both in concentrated solution and in the neat film and/or to a heavily red-shifted emission from a MMLCT state. 30 Therefore, achieving luminescent mesogens with high emission efficiency (e.g. neat film and device) is a very important task.
Since Tang and co-workers first reported the phenomenon of aggregation-induced emission (AIE) where there is intense emission in the solid state rather than in dilute solution, 31, 32 numerous emissive molecules with AIE characteristic have been prepared because of their potential application in OLEDs. Due to the twisted conformation of AIE molecules, the proposal to integrate AIE materials into liquid crystals has attracted increasing attention due to the highly efficient emission in the solid state. Recently, Tang and co-workers synthesised a tetraphenylethene (TPE)-based AIE liquid crystal molecule which was a green emitter in the solid state. 33 Unfortunately, OLEDs based on these AIE liquid crystal materials have not been reported and despite the remarkable progress in AIE-based luminescent mesogens, realising effective LC molecules with blue emission and high efficiency in OLEDs remains challenging.
Chart 1. Modular design and molecule structures of luminescent AIE liquid-crystalline materials
In this contribution, we focus on AIE-based mesogens showing high-efficiency blueish green emission in OLEDs. As shown in Chart 1, the TPE unit is chosen owing it is typical of AIE luminogens and is readily synthesised. To enhance the emission efficiency, a phenylpyridine moiety conjugated with the TPE unit constitutes the emissive core due to the expanded π-conjugation. On the other hand, the 4-cyanobiphenyl unit is employed as the mesogenic unit, and then a flexible chain is used as the linking bridge between the emissive core and the mesogenic unit. Herein, two novel AIE-based luminescent mesogens of TPE-PBN and TPE-2PBN were designed and prepared, in which TPE represents tetraphenylethene-phenylpyridine derivative and PBN is the 4-cyanobiphenyl unit. Compared to emissive mesogens reported previously, a feature of these molecules is the presence of relatively few peripheral alkyl/alkoxy chains, which can reduce the intramolecular vibration. As expected, intense emissions with Ф PL = 71% and 83%
were recorded for TPE-PBN and TPE-2PBN, respectively, in the solid state. A mesophase was observed for both molecules, evidenced by polarised optical microscopy, differential scanning calorimetry (DSC) and small-angle X-ray scattering (SAXS). Furthermore, the hole mobility of both compounds in annealed film, evaluated by space-charge limited current (SCLC) method,
showed an order of magnitude higher than that of in pristine film. In order to explore the electroluminescent property of both compounds, non-doped and doped devices were fabricated based on TPE-PBN and TPE-2PBN. 
Hole mobilities
The hole mobility was measured using the SCLC model with a devices configuration of ITO/PEDOT:PSS/Active Layer (100 nm)/MoO 3 (10 nm)/Ag (100 nm). The active layer is annealed for 30 mins at 165 o C. The PEDOT:PSS was spin-coated onto the ITO glass at 4000 rpm. The active layer was spin-cast from dichlorobenzene (10 mg mL Ð1 ) at 1000 rpm. A MoO 3
and Al cathode was then thermally evaporated under vacuum (∼10 Ð7 torr) through a shadow mask defining an active device area of ∼0.03 cm 2 . The SCLC is described by:
where J is the current density, d is the film thickness of the active layer, µ 0 is the hole mobility, ε r is the relative dielectric constant of the transport medium, ε 0 is the permittivity of free space (8.85
, V is the internal voltage in the device.
Devices fabrication and characterisation
All the devices employing TPE-PBN and TPE-2PBN as the dopants were fabricated by a solution-processed approach. In these OLEDs, a layer of 30 nm-thick poly ( 540.14; found.541.12.
General procedure for synthesis compound 5 and 7
A mixture of TPE with bromine substituent (compounds 4 and 6), bis(pinacolato)diboron, CH 3 COOK and dichloro{1,1'-bis(diphenylphosphino)ferrocene}palladium(II) were dissolved in 1,4-dioxane was refluxed for 24 h. After cooling to room temperature, the mixture was poured into water and extracted with CH 2 Cl 2 (3×20 mL). The organic phase was collected and washed with water (3×20 mL), dried with anhydrous Na 2 SO 4 . The solvent was removed under vacuum, and then the residue was purified by column chromatography. 
General procedure for synthesis TPE-PBN and TPE-2PBN
To a dry round-bottom flask was added compound 5 (or 7), compound 3 (1 mol. eq or 2 mol.
eq, respectively), potassium carbonate solution (2 M), tetrakis(triphenylphosphine)palladium (0.03 eq or 0.06 mol. eq) and THF. The mixture was refluxed for 24 h or 2 days under nitrogen.
After cooling to room temperature, the mixture was poured into water and extracted with CH 2 Cl 2 (3×20 mL). The organic phase was washed with water for three times and dried with anhydrous 
3! Results and discussion

Scheme 1. Synthetic route for both PBN-TPE and PBN-TPE-PBN
Synthesis
The synthetic routes for TPE-PBN and TPE-2PBN are depicted in Scheme 1, and the detailed procedures are presented in Supporting Information (ESI ). Started from the commercial 4'-cyano-4-hydroxybiphenyl, compound 1 was prepared by the Williamson etherification with K 2 CO 3 in solution in acetone. Then compound 1 was reacted with compound 2 36 to give precursor 3 in 84% yield. TPE with bromine substituents were synthesised according to previous reports. 37 In the presence of [PdCl 2 (dppf)], the Miyaura borylation reaction between bromo-substituted TPE derivatives and bis(pinacolato)diboron yielded borinic esters (5 and 7) which reacted with precursor 3 afforded the target compounds via typical Suzuki coupling reactions in 60-67%
yields. All target compounds were characterised by 1 H and 13 C{ 1 H} NMR spectroscopy and TOF-MS, as shown in Supporting Information (ESI ).
Thermal behaviour
Both compounds exhibit good thermal stability and show a 5% weight loss at temperatures above 330 o C ( Table 1 ). The phase transition behaviour of both compounds was evaluated by optical microscopy and DSC and the phases were further studied using small-angle X-ray scattering (SAXS); thermal data are listed in Table 1 . On heating TPE-BPN, melts at 156 ¡C to give a birefringent fluid that clears at 185 ¡C. The SAXS pattern is not very helpful (see Figure 2a ) but does contain a single, small-angle reflection at 2q = 4.5¡, which corresponds to a d-spacing of 19.6 •, which is close to half of the estimated molecular length, suggesting a heavily interdigitated arrangement, which is quite common with mesogens containing a cyanobiphenyl moiety. Note that there is a weak feature at 2q ≈ 9.5¡, which would correspond to a distance of ca 9.3 •. This is close to twice the smaller angle reflection and has a similar peak width; as such it is tentatively identified as a d(002) reflection.
In the absence of a good texture (precluded by the relatively high viscosity) it is difficult to say anything further about the nature of the phase except to suggest that it is lamellar in nature.
Turning now to TPE-2BPN, this compound softens from around 60 ¡C, but it is only at 140 ¡C that it melts and becomes more fluid, clearing at 174 ¡C. The texture (Figure 1, right) is rather featureless but the sample can be sheared, which affects the apparent alignment. The SAXS data (Figure 2b) show a strong, sharp reflection at 2q = 3.54¡ and then several mid-angle reflections as well as structured reflections around 2q ≈ 20¡, which suggest that while this is clearly a mesophase, it is less apparent that it is a true LC phase. Using the LCDiXRay application from Godbert et al., 38 it is possible to index the reflection in both a rectangular and an oblique lattice (data in ESI ). The data fit better with the oblique lattice and so this is the assignment made. It is often the case that oblique lattices are associated with columnar phases, but in this case, the nature of the compounds would not be consistent with formation of a columnar arrangement.
However, in our view the idea of what is a columnar phase is applied perhaps too liberally and so in the case, the phase would be assigned as a ribbon phase with an oblique 2D arrangement. This is entirely consistent with the analogy between Col r , SmÌ and B 1 phases, all of which are rectangular and essentially have very similar if not the same arrangement.
Photophysical property
The absorption spectra of both compounds measured in THF at room temperature are shown in Figure S4 (ESI ), and the relevant data are listed in Table 2 . Intense absorption bands between 250 and 400 nm are observed for both compounds, which are attributed to the π-π electron transition of aromatic rings in the TPE core. 39 A very weak absorption band in the range of 400-525 nm is detected for TPE-PBN, probably it is assigned to the intramolecular charge transfer (ICT) process caused by the separated HOMO (highest occupied molecular orbitals) and LUMO
(lowest unoccupied molecular orbitals) (vide infra). Compared with the TPE-PBN, TPE-2PBN
exhibits a blue-shifted absorption edge, probably due to the increased twist structure from TPE-PBN to TPE-2PBN, evidenced by density functional theory calculation (DFT, vide infra). Both compounds display very poor emission in common organic solvents, such as CH 2 Cl 2 and THF, while strong emissions are observed in their neat film. This result clearly implies TPE-PBN and TPE-2PBN could possess an AIE behaviour. Therefore, the photoluminescent (PL)
property of these novel compounds were investigated in THF solution and THF/water mixtures.
In order to clearly understand the AIE property, TPE-2PBN is taken as a detailed example to discuss ( Figure 3) . In pure THF solution, TPE-2PBN could not emit any light under UV illumination with 360 nm excitation wavelength. After addition of water into THF solution, AIE behaviour is clearly observed, further evidenced by the plot of fluorescence intensity (Figure 3b) and the photographs (Figure 3b inset) in THF/water mixture with different water fraction (f w , 0-90%). As illustrated in Figure 2a , the emission intensity has a negligible change from 0% to 30% water fraction. Subsequently, the PL spectrum reveals significant increased emission intensity at 50% water fraction, accompanied with an abnormal blue shift (ca. 35 nm). From f w of 70%, the emission intensity increases gradually, and the strongest emission intensity is obtained at f w of 90%. The PL intensity of TPE-2PBN at 90% water fraction is about 76 folds higher than that in pure THF (I 90 /I 0 , Figure 3b ). According to the previous reports, this result implies TPE-2PBN possesses a typical AIE behaviour. Compared to TPE-PBN, compounds TPE-2PBN shows a better AIE performance owing to the more twist structures of TPE-2PBN ( Figure S5b ). The luminescent lifetimes (τ) are evaluated to be 1.51 ns and 1.44 ns for TPE-PBN and TPE-2PBN, respectively, suggesting that the emission originates from fluorescence ( Figure S6 , Table 2 ). All compounds display a strong emission in neat film with the maximum peaks in the range of 477-490 nm ( Figure S7 ). Furthermore, their pristine powders show brighter fluorescence from blue to blue-greenish emission with quantum yield (Ф F ) of 71% and 83% for TPE-PBN and TPE-2PBN, respectively. To further investigate the relationship between molecular structure and electronic delocalised property, density functional theory (DFT) calculation with Gaussian 09 program using B3LYP functional were carried out. The calculated HOMO and LUMO of all compounds are shown in Figure 4 . The optimised geometrical structures reveal that these compounds have a steric structure due to the TPE core. For compound TPE-PBN, the HOMO is mainly localised on TPE core with some contribution from phenylpyridine unit while the LUMO is localised on 4-cyanobiphenyl moiety. The spatially separated HOMO and LUMO distributions imply that a charge-transfer process can occur in TPE-PBN. The HOMO distribution pattern of TPE-2PBN is similar with TPE-PBN, which is mainly localised on TPE core with some contributions from phenylpyridine units. Conversely, its LUMO is distributed on phenylpyridine unit and TPE core rather than 4-cyanobiphenyl moiety. It is noted that the increased arm numbers (phenylpyridinecyanobiphenyl unit) have an obvious effect on their geometrical structure and electronic distributions. Consequently, these different electronic distribution properties also illustrate the difference in absorption performance.
Theory Calculations
Electrochemical property
The electrochemical properties of the compounds were recorded in degassed CH 2 Cl 2 solution via cyclic voltammetry (CV, ESI ), and the data are summarised in Table 2 and LUMO values, which matches well with the calculated result.
Hole Mobilities
The . This poor device performance could be ascribed to the poor charge carrier transport in the emitter. comparison. The narrow emitting layer was designed based on the consideration of the inferior charge transporting property of the emitter. In this device structure, mCP is used to the host matrix due to its high triplet energy level (2.9 eV). 40 The bright blue emission with the maximum peak at 469 nm and 478 nm are attained for the TPE-PBN-and TPE-2PBN-based device, respectively, and their CIE coordinated are located on (0.18, 0.24) and (0.19, 0.28) (Figure 6 ).
Electroluminescent property
The current density-voltage-luminance curves and current efficiency characteristics are presented in Figure 7a , and the EL data are list in Table 3 It is clearly demonstrated that the number of substituents on TPE core plays a key role in the EL performance.
4! CONCLUSIONS
In summary, two novel AIE-based LLC molecules of TPE-PBN and TPE-2PBN were fortunately synthesised. Although both compounds possess a simple molecular structure without much periphery flexible chains, thermotropic liquid crystalline property were achieved. Higher hole mobilities, in the range of 10 -4 cm 2 v -1 s -1 , were found for the annealed film compared to the pristine film. As expected, TPE-PBN and TPE-2PBN displayed intense blue/blue-greenish light with high emission quantum of 71% and 83% in the solid state. Both of the luminescent liquid crystal molecules can effectively act as the EL emitter in the devices. The doped devices based on TPE-PBN showed a better performance with a current efficiency of 6.2 cd A -1 and a high external quantum efficiency of 4.1 %. Obviously, this research demonstrates that by utilising the combination of AIE luminogens and the mesogenic properties should be an ideal strategy for design the highly efficient luminescent liquid crystal materials.
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